Minimal resonator loss for circuit quantum electrodynamics 
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Single photon level quality factors of 500 • 10^ are shown in NbTiN superconducting resonators at 
millikelvin temperatures. This result originates from the intrinsic low dielectric loss of NbTiN, as 
demonstrated by comparison with Ta, and by removing unnecessary parts of the dielectric substrate. 



In circuit quantum electrodynamics quantum inform.a- 
tion processing is done by coupling the qubit state to 
a single photon bound to a superconducting resonator 
[l|. The lifetime of a single photon with frequency / is 
defined by: r = Qjl-KJ I4I, therefore a high resonator 
quality factor (ff) is needed to maximize the lifetime. 
Presently used resonators, made from Nb or Al, have 
quality factors on the order of 10'' to 10^ [2t6|. In con- 
trast, superconducting resonators for astronomical pho- 
ton detection [7[ have shown quality factors in excess of 
a million. However, these quality factors are measured 
in the many-photon regime. One would like to maintain 
these high values down to the single photon level. There- 
fore, we study the unloaded quality factor of NbTiN and, 
for comparison, Ta quarterwave resonators down to the 
single photon level. NbTiN has been shown to follow 
Mattis-Bardeen theory more closely than Nb, Al or Ta, 
indicating it has a minimal dielectric layer compared to 
the latter materials [8|. We find that in the single pho- 
ton regime the quality factor of NbTiN resonators is so 
high that the loss is largely due to the exposed substrate 
surface. In contrast, for Ta resonators the quality factor 
is limited by the metal surface. We show that a further 
reduction of the loss in NbTiN resonators is achieved by 
removing the substrate from the regions with a high elec- 
tric field density. This increases the quality factor to half 
a million for resonators with a central line width of 6 /xm, 
three times higher than recently reported for Re [2|]. 

We use NbTiN quarterwave coplanar waveguide res- 
onators which are capacitively coupled to a feedline [7|,l8J. 
This allows extracting the unloaded quality factor from 
the feedline transmission. For comparison we have also 
made Ta resonators. The NbTiN films, 300 and 50 nm 
thick, are DC sputter deposited on a hydrogen passivated 
high resistivity (> 1 kJ7cm) (100) -oriented Si wafer. The 
NbTi target used contains 70 at. % Nb and 30 at. % Ti. 
Patterning is done by reactive ion etching in an SF6/O2 
plasma. For the 300 nm thick film the critical temper- 
ature is Tc = 14.7 K, the low temperature resistivity is 
p — 161 /xi7cm and residual resistance ratio RRR — 0.94. 
For the 50 nm thick film: T^ = 13.6 K, p = 142 /xfJcm and 
RRR = 0.96. The 150 nm thick Ta film (T^ = 4.43 K, 



p = 8.4 nQ,cva. and RRR = 3.0) is sputtered on a sim- 
ilar wafer and patterned in a CF4/O2 plasma. The de- 
vices are cooled to 310 mK using a He-3 sorption cooler, 
with the sample space magnetically shielded by a super- 
conducting shield, and down to 60 mK using an adia- 
batic demagnetization refrigerator with the sample space 
shielded by an outer cryoperm and inner superconduct- 
ing shield [9|. Measurements have been done using a 
vector network analyzer which is locked to a frequency 
standard. A microwave isolator is placed in front of the 
low noise amplifier. 

The unloaded quality factor of NbTiN and Ta res- 
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FIG. 1: (Color online) The unloaded quality factor of NbTiN 
and Ta quarterwave resonators versus appUed microwave pho- 
ton number in the resonator. Bath temperatures are 60 mK 
(closed symbols) and 310 mK (open symbols). Central line 
width is S = 3 ^m and gap width is W = 2 fj,m. Frequencies 
of the resonators used are 3.7 (▼), 4.2 (♦) and 6.2 (•^) GHz 
for the NbTiN, and 3.2 (■), 4.5 (•) and 5.0 (a) GHz for Ta. 
The solid lines are fits using Eq. [T] The quality factors of 
the metal surfaces (dashed), exposed substrate surface (dot- 
ted) and a fixed loss term (dash-dotted) are shown for the 3.7 
GHz NbTiN data. The inset shows the microwave loss in the 
single photon regime versus tanh{hf/2kT). 



onators is plotted versus applied photon number [1(| in 
the resonator in Fig. [TJ The resonators have resonance 
frequencies in the 3-6 GHz range, a central line width of 
S — S fim and a gap width of W^ = 2 /im. Bath tem- 
peratures are 60 mK and 310 mK. In the many-photon 
regime, quality factors between 0.8-10^ and 1.5-10^ are 
observed for both materials. In addition, in this regime 
the 60 mK and 310 mK data overlap. With decreasing 
applied photon number the quality factors decrease. For 
NbTiN resonators, a weak intensity dependence is ob- 
served and quality factors decrease to ~ 250-10'^ at 60 mK 
in the single photon regime. On the other hand, Ta qual- 
ity factors degrade quickly, decreasing to ~ 40 • lO'^. In- 
terestingly, an inflection point is visible in the NbTiN 
data around {riphotons) = 10^ — 10^, whereas Ta data 
show a plateau at low intensities. Additionally, at low 
intensities a temperature and frequency dependence de- 
velops for both materials. At 310 mK (open symbols) the 
quality factors are increased, for resonators with lower 
frequencies the increase is larger. 

Previously, we have shown that NbTiN resonators con- 
tain fewer dipole two-level systems (TLS) than Ta, by 
measurements of the resonator frequency temperature 
dependence [8|. Dipole TLS are configurational defects 
with dipole moment p which reside in amorphous di- 
electrics [111, such as native oxides. Dielectric loss at low 
temperatures {kT < hf) arises from resonant absorption: 
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111,112]. The factor 



1/Q ex tan\\{hf/2kT)/y/T+WjEl 
ta,nh{hf/2kT) reflects the thermal population difference 
between the lower and upper level. With increasing in- 
tensity TLS are excited, lowering the loss. The saturation 
field Eg = h/py/TiT2 is controlled by the dipole moment 
and relaxation times Ti and T2. 

The microwave loss of our resonators in the single pho- 
ton regime scales with ta.nh{hf/2kT), see the inset of Fig. 
[U consistent with resonant absorption from TLS. More- 
over, different resonators made from the same material 
follow the same trend, indicating that the loss is very 
comparable over the whole chip. In addition, the slope 
for Ta is steeper than for NbTiN, consistent with a larger 
TLS density for Ta, compared to NbTiN resonators. 

In order to identify the location of these TLS and quan- 
tify the influence of their saturation on the quality factor, 
we calculate the effect of a hypothetical thin dielectric 
layer with thickness t —>■ containing TLS. Dielectric 
loss in a quarterwave resonator due to a distribution of 
dipole TLS is given by [3,[i3 
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with Vr the standing wave voltage inside the resonator, 
I its length and C the capacitance per unit length. The 
dielectric loss of the layer is 1/Qtls,o = Nnp'^ /Seoeh, 
with N the TLS density of states and Vh and e^, the 
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FIG. 2: (Color online) (a) the charge distribution (red denotes 
a positive charge, blue a negative and green a neutral one), 
electric fields (red arrows) and magnetic fields (blue arrows) in 
the coplanar waveguide geometry, (b) The power dependence 
using Eq. [l] for a TLS distribution placed on the exposed 
substrate surface, top metal surface, substrate-metal (sub- 
met) interface and etched metal edges. Qo ~ 10^, and at low 
intensity each surface is assumed to limit the Q to 300 • 10 . 
(c) The normalized contribution to loss of the dielectric layers 
versus central line width S, for W — 2 /im (solid) and W — ^S 
(dashed). 



volume and relative permittivity of the dielectric layer 
hosting the TLS. 

The electric fields for our resonator geometry are cal- 
culated by using the potential matrix P to find the 
charge density q: V — Pq [2|, [l4|. The substrate is in- 
cluded using the method of partial image charges. The 
potential matrix elements are given by Pij = Pji = 



(hi|r, 



K\n\r* 



I /27reo for i ^ j^ and P^ 



— (Ina + -ftrin[|ri — r*| -I- a]) /27reo, with ri the location 
of the i-th element, r* the location of the i-th element 
mirrored in the plane of the substrate surface, a its ra- 
dius, K = (1 — es)/(l + es) and e^ the relative pernuttivity 
of the substrate. The electric fields and magnetic fields 
are shown in Fig. [2^. 

We place this hypothetical layer on either the exposed 
substrate surface, top metal surface, etched metal edges 
or at the substrate-metal interface. Interestingly, when 
the dielectric layer is placed on any of the metal sur- 
faces, its contribution to the loss is two orders of magni- 
tude larger than when placed on the exposed substrate 
surface (Fig. [Jt). This can be attributed to the high 
electric fields near the metal surfaces. In addition, a di- 
electric placed in the vicinity of the metal leads to a much 
stronger power dependence than when the dielectric layer 
is located on the exposed substrate surface (Fig. [2})). We 
make use of this to distinguish between surfaces. Further- 
more, the quality factor increases with increasing central 
line width, irrespective of the location of the dielectric. 



In Fig. [1] we show that the power dependence of the 
quahty factor arises from the superposition of loss (sohd 
hnes) from TLS (Eq. [1]) located at the metal surfaces 
(dashed line) as well as at the exposed substrate surface 
(dotted line). Interestingly, for NbTiN resonators the 
exposed substrate, together with the metal surfaces, is 
a significant contributor to the microwave loss. This su- 
perposition of loss closely describes the observed point of 
inflection at {uphotons} — 10^ — 10^ as well. 

The saturation fields of NbTiN are on the order of 50 
V/m, see Table U similar to values for Re and Al [2|. For 
Ta we find a large spread in the saturation fields. The di- 
electric loss of NbTiN is clearly smaller than that of Ta. 
The substrate surface values are consistent with SiO^;. 
The saturation field is -E^ ~ 2 — 5 kV/m; comparable to 
measurements on vitreous silica: p ~ 1 D, Ti '-^ 0.01 — 1 
/iS and T2 '-^ 1 ns jlS^. Moreover, a value oi Eg ^ 2 — 3 
kV/m has been reported for Si02 also by Martinis et 
al. [12|. The quality factor of the Si surface layer, as- 
suming t = 3 nm and e/i = 4, lies around 15-200, which 
is on the order of the value of ~ 200 reported for Si02 
|12| . At high intensity the quality factors are tempera- 
ture independent, suggesting loss other than due to TLS. 
We include an intensity-independent fitting term 1/Qo to 
account for this loss. We suspect that we reach the level 
of the intrinsic loss of the superconductor. For Ta, re- 
laxation times saturate for T/Tc < 0.2 [16], suggesting 
that the quasiparticle density becomes temperature in- 
dependent. At T/Tc = 0.2 we estimate Q ^ 10^ based 
on Mattis-Bardeen, on the order of values found for Qq. 

The data in Fig. [T] and the analysis provide a clear 
guide towards improving the quality factor. We have 
shown that Ta suffers from significant microwave loss due 
to dipole TLS in its metal surface, i.e. its native oxide. 
We believe that the presence of a native oxide is the rea- 
son why resonators made of Nb, Ta, Al, or deposited on 
top of Si02, consistently show low quality factors in the 
single photon regime [^tSI- In this respect NbTiN is dif- 
ferent, because the metal atoms are bound to nitrogen. 
Moreover, resonators with 5' = 3 nm and W = 2 /im 
have quality factors around 250 • 10"^, nearly a doubling 
compared to Re on Si resonators which have quality fac- 



TABLE L The quality factor of the dielectric layer containing 
TLS, its saturation field and the additional loss factor for the 
superconducting metals and for their Si substrates, used for 
fitting the data in Fig. [l] using Eq. [T] and 1/Q — 1/Qq + 
I /Qtls, met {Es, met) + 1 /Qtls, sub (-Es, sub) ■ Calculations have 
been done for en = 1 and t — )■ 0. 
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FIG. 3: (Color onUne) The unloaded quality factor versus ap- 
pUed photon number of NbTiN quarterwave resonators with 
the standard geometry and S = 3 /xm and W = 2 fim (•^) 
(6.2 GHz), and with grooves etched in the exposed Si sub- 
strate with S = 3 /im and W ^ 2 ^m (•) (4.7 GHz) and 
S — 6 fira and W = 2 pm at frequencies of 4.2 (■), 4.4 (•) 
and 5.2 GHz (A). Bath temperature is 60 mK. The left inset 
is a scanning electron microscope image from the standard 
coplanar waveguide design, the right inset shows the etched 
grooves near the open end of the resonator (the central Une 
width is S = 3 fim in both images). The cross section of the 
etched resonators is outfined in Fig. [2^ (solid black lines). 



tors around 150 • 10^ (loaded, with Qc > Qi) and are 
wider (S" = 5 /xm and W = 2 /xm) [2]. Nevertheless, the 
NbTiN resonator quality factor is significantly limited by 
the exposed and oxidized Si surface. Therefore NbTiN 
has a clean surface compared to Si, as the metal surface 
influences the loss much stronger than the exposed sub- 
strate (Fig. ^). Consequently, removal of the Si from 
the gaps will increase the quality factor. 

With NbTiN shown to be a superior superconduc- 
tor, we have redesigned our resonators to have fewer di- 
electrics. We have made 50 nm thick NbTiN resonators, 
fully straight, which are aligned along the (110) axis of 
the (lOO)-oriented HF-cleaned Si wafer. Using KOH wet 
etching, grooves of 0.9 //m deep are etched in the gaps 
along the full length of the resonators, see the inset of 
Fig. [21 this removes the substrate surface from the re- 
gion with the highest electric field density (black lines in 
Fig. Hi). 

The NbTiN resonators with grooves etched in the gaps 
have significantly higher quality factors, see Fig. [31 In 
the single photon regime, the quality factor has improved 
from a value of 250 • 10'^ for the standard design to an 
intensity-independent plateau value of 350 • 10^ for the 
etched resonators, for S" = 3 /im and W — 2 /tni. More- 
over, this increase is a clear indication that the Si surface 
was the limiting factor also for another reason: the de- 



crease of dielectric has lead to a decrease in the capaci- 
tance C in Eq. [TJ Therefore, if the metal surfaces would 
dominate the losses, the quality factors would decrease. 
The intensity-independent plateau points towards a sin- 
gle surface dominating loss. With the Si removed, the 
loss at the single photon level is dominated by the metal 
surfaces. Determining which surface is complicated by 
the similarity in dependence on intensity and width (Fig. 
[2|). In the many-photon regime the loss is more due to 
the exposed substrate surface, indicated by the higher 
quality factors for etched resonators and the high satu- 
ration field values. Finally, when increasing the width to 
S = Q fiia and W = 2 /xm, the quality factor improves to 
around 450 • 10^. This 30 % increase is consistent with 
our calculation (Fig. [2Jd) and shows that further increases 
can be obtained by widening the resonator. 

With quality factors as high as 470 • 10^, we estimate 
single photon lifetimes of 18 /zs at 4.2 GHz, one order 
of magnitude longer than decoherence times measured 
for superconducting qubits jlTI . Il8| . These long lifetimes 
make superconducting resonators, as shown in Fig. |31 
appealing building blocks for a quantum processor, as 
they can be used as quantum memory elements |l9{ and 
for a q uantum bus for long-range qubit-qubit coupling 

MM- 

To conclude, we have found NbTiN resonators to have 
a higher quality factor in the single photon regime than 
any of the previously studied superconductors, indicating 
it has a minimal lossy dielectric layer. The losses arise 
largely due to a surface distribution of two-level systems 
on the exposed Si substrate. By removing the substrate 
from the region with highest electric fields the quality 
factor is increased further, showing that using NbTiN 
resonators and removing dielectrics is a straightforward 
route to high quality factors in the single photon regime. 
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